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Abstract 
The main objective of this study was to investigate an effect of forward-reverse mixing on power characteristics for 
yield stress fluids in a vessel stirred by turbine impeller as well as to estimate an effect of frequency of forward-
reverse rotation. Experimental data show that power number was independent of oscillation frequency. Comparison 
of power requirements for forward-reverse and standard (unidirectional) mixing show that power number was greater 
for forward-reverse mixing in a vessel with pitched blade turbine PBT. For RT system there was another relation. 
Power number (Re < 50) was similar to power number values for standard mixing. Moreover, for Re > 50 power 
requirements were greater compared to standard mixing. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
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1. Introduction 
Mixing is a common process which is usually conducted in baffled vessel with unidirectional rotating 
impeller. However, in some industrial applications it is not recommended to use baffled vessel, e.g. in the 
food and pharmaceutical industries, crystallization or catalytic processes. It is well known that in 
unbaffled stirring vessel the formation of central vortex occurs which causes lower mixing efficiency [1-
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2]. To enhance mixing efficiency in unbaffled vessel the forward-reverse mixing could be performed. The 
knowledge about unsteadily agitation with forward-reverse rotating impellers is still incomplete. Previous 
investigations have shown [3-4] that in turbulent flow regime power requirements and mixing time are 
greater compared to standard mixing. The difference between the power number values for unsteadily and 
forward-reverse mixing can be explained by an existence of the disturbed flow region behind the blades. 
This is a factor related to the magnitude of the resistance of liquid against the rotation of the impeller [3]. 
The disturbed flow region occurred because the change of direction of circumferential flow in vessel is 
delayed in relation to changes of direction of impeller rotation [3]. In addition mixing time was higher 
despite higher energy dissipation rates. This suggests that in forward-reverse mixing higher shear stresses 
are generated. Taking it into account the forward-reverse mixing is recommended for use wherever high 
stresses are required [3]. One of such applications is the mixing of fluids with a yield stress. 
Mixing of fluids with a yield stress faces many problems due to complex rheological properties of 
fluids and the cavern formation [5-7]. The prediction of the cavern size is important because it can give 
evidence that in the whole fluid mixing is good and there are no regions with poor mixing. Shear-thinning 
fluids with a yield stress are rheologically complex. There exist several rheological models which describe 
relation between shear stress and shear rate as well as yield stress. The Herschel-Bulkley model  
 
 nKJWW  0   (1) 
 
is one of the most used. 
Taking into account the efficiency of mixing, it is advisable to increase the volume of caverns. To 
increase volume of them, it is advisable to use forward-reverse mixing. 
The main objective of this study was to investigate an effect of forward-reverse mixing on power 
characteristics for yield stress fluids in a vessel stirred by turbine impeller as well as to estimate an effect 
of frequency of forward-reverse rotation. 
 
Nomenclature 
b high of impeller blade (m) 
D impeller diameter (m) 
f oscillation frequency (Hz) 
i number of measurement points 
N impeller speed (s-1)  
NFR  average forward-reverse impeller speed (s-1) 
Nmax maximal forward-reverse impeller speed (s-1) 
PFR forward-reverse mixing power (W) 
T vessel diameter (m) 
TFR average torque (N m) 
Ts torque (N m) 
t time (s) 
w width of impeller blade (m) 
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2. Experimental part 
Experimental set-up consisted of motor, inverter, speed sensor, PC computer and torque meter (Fig. 1). 
The vessel with diameter T = 0.19 m was equipped with flat bottom. The height of liquid level was taken 
T. The two types of impellers were used: Rushton turbine (RT) and six pitched up blade turbine (PBT). 
The ratio of impeller diameter (D = 0.065 m) to vessel diameter was equal to D/T = 0.34. The heigh of 
impeller blade b for PBT impeller was b/D = 0.125 and for RT impeller b/D = 0.2. Blade width for RT 
impeller was w/D = 0.25 and for PBT w/D = 0.385. Pitched angle of PBT impeller was 45 degrees. The 
bottom clearance of the impeller was D. The working non-Newtonian fluids were Xanthan gum aqueous 
solutions of 0.5%, 0.7% and 1% mass concentration.  
 
Fig. 1. Experimental set-up: 1 – motor Indukta 2.2 kW, 2 – inverter Schneider Electric MX Eco, 3 – torque meter, 4 – impeller 
speed sensor, 5 – PC computer 
Impeller rotational speed N was changed in time. Type of time-course of N was the same as in the 
previous investigation [3]. The maximal impeller rotational speed Nmax was ranged from 2 to 8 s-1 
(Reynolds number for forward-reverse mixing ReFR ranged from 4 to 150). The oscillation frequency f 
was as follows: f = 0.115 Hz, f = 0.23 Hz and f = 0.46 Hz. Changes of impeller speed of forward-reverse 
rotating impeller can be described by following model: 
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2.1. Analytical methods 
On the basis of changes in torque the average value of the torque for forward-reverse mixing TFR, 
average impeller rotational speed NFR, forward-reverse mixing power PFR and power number PoFR for 
unsteady forward-reverse agitation were determined. Changes of torque can be described by model (3): 
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The average torque TFR for forward-reverse mixing was determined from following equation 
 
i
T
T sFR
¦   (4) 
 
Next step was the determination of mixing power PFR for forward-reverse oscillations from 
 
 FRFRFR TNP S2    (5) 
Exemplary relation between torque and time is presented in Fig. 2.  
 
 
Fig. 2. Exemplary relation between torque Ts and time  
Similarly to measurement method of N, the torque T was conducted at a frequency of 20 Hz whereas 
average value was determined from ten cycles of impeller revolutions. In order to characterize power 
requirements the power number NeFR was determined as 
 U53 DN
PPo
FR
FR
FR  
  (6) 
where NFR was the average impeller speed over one cycle of revolutions. 
 i
N
NFR
¦ 
   (7) 
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and i is number of cases examined. 
The apparent viscosity of the fluid at the wall was also determined. The Metzner and Otto model [8] 
was used to determine the shear and the apparent viscosity: 
FRsw Nk J   (8) 
  10  nFRs
FRs
w NkKNk
WP   (9) 
The Reynolds number can be defined as: 
 nFRs
FRs
FR NkK
DNkRe  0
22
W
U
  (10) 
The Metzner and Otto constants for RT and PBT impellers were as follows: ks = 11.5 (RT) and ks = 13 
(PBT). 
3. Results 
In the first step of our investigations the rheological measurements were performed. Rheological 
properties of Xanthan gum solutions were estimated using a computer-controlled Anton Paar Physica 
MCR501 rheometer with the plate and plate geometry (PP50). The diameter of the plate was 5 cm. All 
measurements were made at 20 oC. Flow curves (Fig. 3) were obtained at controlled shear rate ranged 
from 0.001 to 100 s-1. Yield stress was measured with control stress method (CS). By this method 
measurements of relation between deformation and shear stress have been performed.  
 
 
Fig. 3. Flow curves of Xanthan gum aqueous solutions 
Xanthan gum mass 
concentration (%) 
Yield stress 
W0 (Pa) 
Consistency 
index  
K (Pa sn) 
Flow index 
n 
Regression 
coefficient (R2) 
Density  
U (kg m-3) 
0.5% 4.66 1.8 0.52 0.946 996 
0.7% 5.32 4.47 0.43 0.962 992 
1.0% 14.53 13.08 0.30 0.968 988 
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Fig. 4. Relation between power number PoFR and Reynolds number ReFR for RT impeller 
 
 
 
Fig. 5. Relation between power number PoFR and Reynolds number ReFR for PBT impeller 
 
a)  b)  
 
 
 
 
 
Fig. 6. (a) Verification of model (11); (b) Verification of model (12) 
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The Herschel-Bulkley model (1) was used to determine rheological parameters such as flow index n 
and consistency factor K. Results of rheological measurements are presented in Table 1. It has been found 
that yield stress as well as consistency factor K was increased with increasing of mass concentration of 
Xanthan gum in a solution, while flow index was decreased with increasing of mass concentration. The 
regression coefficient R2 for various mass concentration of Xanthan gum was ranged from 0.946 to 0.968.  
In the second step of our investigations the measurements of the power requirements were performed 
as well as effect of oscillation frequency on mixing power was determined. Mixing power was measured 
using strain gauge technique. Figures 4 and 5 present the relations between power number for forward-
reverse mixing PoFR and Reynolds number for forward-reverse mixing ReFR. It has been shown that PoFR 
decrease with increase of ReFR. 
An effect of Reynolds number ReFR on power number PoFR can be described by model (11) for RT 
impeller and by model (12) for PBT impeller.  
 
257.0Re179.12  FRFRPo  ± 3.07% (11) 
 
276.0Re844.9  FRFRPo  ± 5.15% (12) 
 
Model (11) is valid in Reynolds number range below 50 (ReFR < 50). The regression coefficients R2 of 
models proposed were as follows: 0.960 and 0.963. The verifications of proposed models are presented in 
Figures 6a and 6b. The comparison of power numbers for forward-reverse and unidirectional mixing have 
shown no differences between them for Reynolds number ranged below ReFR = 50. This effect was valid 
only for RT impeller. Differences in power number values between unidirectional and forward-reverse 
mixing occurred at ReFR > 50. Differences increased with increase of Reynolds number. Previous 
investigations [3-4] have shown that power numbers for forward-reverse mixing were about 30% greater 
in comparison to unidirectional mixing [3].The above effect was not valid for PBT impeller. In this case 
power number for forward reverse mixing was about 20% greater in comparison to standard mixing 
mode. This can be explained by fact that in flow range below ReFR < 50 , the disturbed flow region behind 
the blades is minimized. That is why differences did not exist between two mixing modes, but for PBT 
impeller there were additional differences associated with changing of direction of flow generated by the 
impeller. 
The last step of the studies was to investigate the effect of oscillation frequency on mixing power. 
Experimental data have shown that power number PoFR was not dependent on oscillation frequency f. 
This was valid for RT impeller as well as for PBT. 
4. Conclusions 
In the paper the analysis of power requirements of forward-reverse mixing in non-Newtonian fluids 
with yield stress as well as effect of oscillation frequency, have been carried out. It has been shown that at 
ReFR < 50 power requirements for unidirectional and forward-reverse mixing were comparable. This 
effect was valid only for RT impeller. Differences in power requirements have been noticed at ReFR > 50, 
and were greater with increase of Reynolds number values. Power requirements for PBT impeller were 
greater, in the whole range of Reynolds numbers, in comparison to unidirectional mixing and amounted to 
about 20%. The power requirements for RT impeller were greater in comparison to PBT impeller. The 
obtained results have indicated that forward-reverse mixing mode is useful in laminar flow range. 
In the next step of  studies the effect of forward-reverse mixing on cavern occurrence and dimensions 
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will be performed.  
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